Preclinical trials of intravenously administered 4-Aminopyridine (4-AP) have demonstrated transient improvements in neurological function in patients with longstanding spinal cord injury (SCI). The present report describes three patients with SCI who responded favourably in preclinical trials and who were subsequently administered oral (capsule) 4-AP (10 mg b.i.d. or t.i.d.) over a 4 month interval. The three patients (two male: 1 female) all had incomplete tetraplegia (ASIA levels C and D) with the neurological level of the lesion between C5-C7. Following the administration of 4-AP the patients demonstrated marked and sustained reductions in upper (n=1) or lower extremity (n=2) spasticity. Other clinical bene®ts of 4-AP were reduced pain (n=1), restored muscle strength (n=3), improved sensation (n=2), voluntary control of bowel function (n=1), and sustained penile tumescence (n=2). The patients exhibited improved hand function (n=1), enhanced mobility in transfers and gait (n=2), with improved energy and endurance. Only trivial side eects (transient lightheadedness) were observed. In one case, the enhanced neurological function allowed the patient to stand with support for the ®rst time post injury (16 years). The time course of therapeutic response to the initial dose matched the pharmacokinetic elimination pro®le derived from serum and urine analysis. There was no evidence of renal or hepatic toxicity with prolonged use. These results indicate a therapeutic bene®t of oral 4-Aminopyridine in the management of various neurological de®cits in a select group of SCI patients.
Introduction

4-Aminopyridine (4-AP) is a K
+ channel blocking agent that has been reported to induce transient neurological gain in patients with chronic spinal cord injury (SCI).
1 ± 5 4-AP blocks fast, voltage-gated (A current) K + channels in demyelinated internodes of central axons. 6 ± 8 This blockade prolongs the duration of the action current and increases the safety factor for conduction thereby ameliorating conduction de®cits due to demyelination. 9 ,10 K + channel blockade also results in increased Ca 2+ in¯ux at the dendritic terminals, with attendant increase in transmitter release, in a wide range of neuronal subtypes e.g. GABA-ergic, Cholinergic and adrenergic neurones. 11 ± 15 The present report describes three patients with SCI who were`responders' to i.v. 4-AP in the preclinical trials and who were subsequently administered 4-AP orally (10 mg capsule b.i.d. or t.i.d.) over a 4 month period.
Methods
Patients
The clinical characteristics of the SCI patients are provided in each case report. The patients' neurological de®cits were stable and had been quantitatively assessed periodically for at least 12 months prior to this trial. No patient was taking any other medication at the time of entry to the trial. The patients were administered the investigational new drug 4-AP under approval from the Health Protection Branch of the Government of Canada (EDRP#P60508).
4-Aminopyridine
Ten mg (10 mg) 4-AP (Regis Chemical Co, Illinois, USA) and lactose was prepared in #4 gelatin capsules under sterile conditions. This preparation showed a relatively rapid degradation of 4-AP in the capsule within weeks [Y=10072.1(x) where Y=% 4-AP remaining and x is weeks since manufacture] ie, a short shelf life, probably due to polymerization (plasticizing interaction betwen 4-AP and gelatin). This necessitated administration of the drug within 20 days of manufacture.
Protocol
On Day 1 patients received a single 10 mg capsule of 4-AP. Prior to taking the capsule they underwent a physical examination (including ASIA motor and sensory classi®cation and modi®ed Ashworth Scale rating of spasticity), electrophysiological examination including recording of motor evoked potentials (MEPs) following transcranial magnetic stimulation of motor cortex, and assessment of lower limb spasticity. The patients also provided urine and blood samples for illicit drug screen and pharmacokinetic analyses. The electrophysiological and pharmacokinetic assessments were repeated during the 24 h following drug ingestion.
On Day 4 the patients commenced taking 4-AP b.i.d. They were titrated to t.i.d. over a three day interval, depending on tolerance. Two patients (#1 and #3) tolerated t.i.d. while patient #2 reported wakefulness at night and chose to remain on b.i.d. The patients returned for repeat prescription on a biweekly basis over the course of 4 months and were assessed intermittently on a p.r.n. basis. Each patient maintained a personal record of positive and adverse events. The trial was limited to 4 months for ®scal and administrative reasons.
Pharmacokinetics
Pharmacokinetic parameters including maximum plasma concentration (C max )ng/ml; total systemic clearance (CL), L/h: Volume of distribution at steady state (Vss), L; Elimination half life (t 1/2 ), h were estimated using a noncompartmental analysis of the time-course of 4-AP in plasma following the initial administration of 10 mg oral 4-AP.
Quantitative assessment of hypertonus Lower limb hypertonus was also assessed quantitatively by recording the involuntary mechanical resistance of the foot to passive sinusoidal displacement imposed by a custom designed torque microstepping motor. The foot was displaced through 5 degrees (2.5 degrees each of plantar¯exion and dorsi¯exion about a neutral axis) at 0.5, 1.0, 1.5 and 2.0 Hz. Details of the reliability and sensitivity of this protocol are reported elsewhere. 16 The total resistive torque (t) recorded from a strain gauge, was plotted against angular displacement (y), recorded from a potentiometer, to yield a hysteresis loop. Outcome measures from these recordings included the mechanical stiness (Dt/Dy at 0.5z, the velocity-dependent torque contribution measured as the area contained within the hysteresis loop ($t p -t d dy) and peak t at y=2.5 degrees dorsi¯exion.
Cortical stimulation
Transcranial magnetic stimulation of the motor cortex was delivered from a Cadwell MES-10 stimulator (Cadwell Labs, Kennewick, WA, USA) through a focal point stimulating coil electrode with eective radius 4.75 cm. The coil was positioned tangential to the scalp with the rim over Cz (vertex) of the 10 ± 20 international system for EEG recording. 17 The orientation of the stimulating coil was maintained constant to ensure the same initial direction of current and the intensity of stimulation was systematically incremented (5% increments of maximal stimulator output). Stimulation threshold was determined when MEPs were evoked in 550% of trials. All patients comfortably tolerated stimulation up to 100% of maximum stimulator output. The methods we used for recording MEPs have been described in detail elsewhere. 3, 18, 19 In many instances the amplitude of the MEPs was low and the evoked responses were poorly distinguished from background EMG activity when contractions were employed to facilitate the response. 13, 18 To aid in MEP identi®cation an automated detection algorithm was used which established the criterion for presence of an MEP as a signal with a 1.56standard deviation departure from baseline activity 410 ms following signal recti®cation and averaging. The baseline activity was determined in the time window of 2.5 ± 22.5 ms following cortical stimulation. 18 
Results
Case 1
Case 1 was a 45 year old (Ht=175 cm; Wt=88.6 kg) man with ASIA Class C incomplete tetraplegia and Motor Index Score of 49 as a result of a C7 fracture sustained in a motor vehicle accident 16 years before the study. MRI at the time of the study revealed myelomalacia with microcyst formation from C7 to T2. This patient was fully independent at the wheelchair level. He used digital stimulation for bowel management and bladder emptying was accomplished with CredeÂ manoeuvre. In the sixteen years since his injury, he had experienced little improvement in function aside from the occasional ability to actively¯ex his hip (grade I on the MRC Scale) depending on the current extent of his spasticity. He experienced lumbar pain during sitting in the wheelchair (and when driving) and experienced discomfort with other static positions, including lying in bed, necessitating frequent change in position (5 min when awake). Limitations in daily function were common secondary to spasticity. Spasm resulted in leg movements during the night which would wake him and were uncomfortable to his spouse. During the day, spasms caused instability within the wheelchair due to spontaneous forward body lurches. Similarly, when using hand controls to drive his motor vehicle, spasms would often result in uncontrolled foot contact with the pedals if a physical barrier was not present. His positive response to iv 4-AP (10 mg immediate release) has been reported previously.
At the outset of the 4 months of oral administration of 4-AP t.i.d., this man experienced an improvement in motor control of his right leg. He was able to¯ex his hip (grade 2 on the MRC Scale) and extend his leg at the knee. Motor function was improved to the greatest extent 1 ± 2 h after each oral dose. His restored leg movement was retained throughout the 4 month trial but was lost after washout.
The improved motor function was associated with reduced spasticity and renewed vigour (no lethargy). He exhibited markedly reduced tone in lower limb musculature, allowing greater passive range of movement and facilitating transfers. He exhibited fewer and less intense spasms thereby enabling better sleep and return to his home-based carpentry work. The reduction in spasticity was sucient to allow him, for the ®rst time, to pull himself up to a standing position and lock his knees and hips while providing support with his upper limbs.
He experienced appreciable reductions in dysesthetic lumbar pain. Pain in the hip and lower lumbar spine had been treated unsuccessfully over twelve years with a cross section of analgesic modalities and wheelchair positioning. Surgical treatment was being considered to help alleviate the pain. The area of lumbar pain was insensate. After a longstanding inability to tolerate more than one hour of driving in a seated position, this gentleman was now (within ®rst week of 4-AP) able to tolerate three to four hours of driving.
Bladder voiding occurred under voluntary control without the CredeÂ manoeuvre being necessary. He reported a longer holding time (ie, reduced urgency). There was also improved sensation of bowel fullness and a change to minimal and sometimes no rectal stimulation required for defecation. He reported positive quality of life changes associated with his increased con®dence and dignity with respect to bowel control.
Sexual function improved with greater duration and strength of penile erection and erections occurring on a psychogenic as well as re¯exogenic basis. Prior to drug administration, erections occurred only with direct stimulation. Morning erections increased in frequency with an associated increase in libido.
On termination of the trial this man's spasticity, dysesthetic pain, bladder and bowel control and sexual function regressed to their pre-trial levels over the course of two weeks. This regression was accompanied by marked despondency and lessened capability to do his home-based carpentry.
Case 2
Case 2 was a 41 year old woman (Ht=170.2 cm; Wt=71.8 kg) who sustained a C5-6 fracture subluxation as a result of a motor vehicle accident 17 months before the study. She had a C6 incomplete ASIA class D tetraparesis and a Motor Index score of 70. Clinical examination revealed diminished sensation below C6 and motor loss below C8, with the most extensive paresis present in the intrinsic muscles of the hand and proximally in the lower left extremity. Electrophysiological investigations revealed a well-de®ned tibial nerve cortical SEP of moderate amplitude. Low amplitude MEPs were recorded bilaterally from TA and LG only with reinforcement from target muscle contraction, and sparse, low amplitude EMG interference patterns were recorded bilaterally on voluntary eort.
After the initial dose of 10 mg oral 4-AP, this woman demonstrated clear enhancement of MEP's in lower limb muscles following cortical stimulation. There were reduced stimulation thresholds and increased amplitude responses in each of the muscles monitored (left lateral gastrocnemius, left extensor digitorum brevis muscle and left tibialis anterior) in the more paretic left leg. The latency of evoked response was also reduced in all of these muscles. These changes were evident from recordings made with the muscle at rest, or when contracted. Figure 1 illustrates the increase in MEP amplitude recorded from the extensor digitorum muscle before and after administration of 4-AP.
Over the course of the 4 month trial, this woman exhibited marked improvements in gait, manifest by increased stability, foot clearance, coordination and endurance. This was associated with increased sensation, strength, and reduced tone in her legs bilaterally. Her upper extremeties exhibited less tone, allowing greater manual dexterity (®nger extension, abduction and adduction), increased touch sensation and reduced fatigue. This allowed increased performance in her part-time labour on the assembly line. She reported improved mood. The type of changes were similar to those reported following IV 4-AP single dose administration 3 but the extent was greater and was sustained throughout the 4 months.
After the completion of the trial this woman's abnormal tone reverted to its pre-drug state over the course of one week.
Case 3
Case 3 was a 40 year old man (Ht=182.9 cm; Wt=79.6 kg) who sustained C4-5 tetraplegia in a diving accident three years prior to the study. He presented with spastic gait, assisted by canes, and was capable of walking only short distanes. He required a wheelchair to travel longer distances. He reported frequent spasms and clonus in his legs. He had recently been treated for autonomic dysre¯exia. He was ASIA class D with a Motor Index Score of 77 and Functional Independence Measure (FIM) score of 111. He exhibited a marked increase in tone at his ankle joint. The values for his resistance to passive dorsi¯exion and plantar¯exion exceeded normal control values (Z41.64).
This man exhibited marked reduction in tone in his lower limbs within 2 h of the ®rst dose of oral 4-AP. Quantitative assessment of his ankle joint hypertonus revealed appreciably less resistance to passive angular displacement at all frequences tested (0.5 ± 2.0 Hz). Figure 2 illustates this reduction in tone, shown as reduced slope, reduced peak resistive torque (t), and reduced area contained within the hysteresis loop ($t dt p y).
Case #3 exhibited increased amplitude MEPs in all muscles examined at 2 h and 4 h following 10 mg 4-AP. The stimulation threshold for evoking an MEP was reduced as was the latency of the evoked response. Responses obtained from the left extensor digitorum brevis (EDB) are illustrated in Figure 3 . This patient also exhibited reduced amplitude F-waves in the left EDB indicative of reduced motoneurone excitability. This observation suggests that 4-AP induced an increase in descending excitatory inputs to the motoneurone pool, sucient to overcome the reduction in motoneurone excitability and to yield the increased amplitude MEP. The reduction in F-wave amplitude (and motoneurone excitability) is consistent with the quantitative evidence of reduced hypertonus and the clinical observations of reduced spasticity.
The reduced tone and increased coordination parallelled functional improvements in gait, stair climbing, transfers, con®dence and endurance. He reported increased muscle strength of hand muscles and increased grip strength as a result of reduced tone. This was evident as greater ®nger extension without cocontraction of¯exor muscles, and increased ®nger abduction and adduction and pinch strength. He also noted increased sitting tolerance as a result of reduced tone. This man reported increased frequency and duration of penile erections. A non-problematic side eect of this drug was irritability and wakefulness at night which was eliminated by reduction from t.i. On completion of the trial this man's neurological status reverted to its pre-trial status over the course of two weeks. 
Pharmacokinetic analysis
The time-course of plasma concentrations of 4-aminopyridine (4-AP) was followed for up to 36 h in two patients and for 24 h in the third. The 4-AP concentration-time pro®les are graphically depicted in Figure 4 . The pharmacokinetic parameters estimated from a noncompartmental kinetic analysis are displayed in Table 1 . 4-AP plasma concentrations reproducibly oscillated over time in each of the three subjects. The oscillations in measured drug levels were most easily discerned during the sampling rich interval that extended for 6 h post 4-AP administration. Peak plasma levels of 4-AP (C max ) were observed less than two hours after drug administration (Table 1) . Total systemic clearance (CL) and volume of distribution at steady-state (Vss), estimated from an area-moment analysis, ranged from 1.76 L/h to 2.41 L/h and 139.8 L to 306.5 L, respectively. These parameters agreed, within an order of magnitude, with previously published values estimated from a multiexponential kinetic model. 20 A noncompartmental kinetic analysis and extended measurements of 4-AP in plasma for up to 36 h, as carried out in this study, supported a more accurate estimation of the rate of disappearance of 4-AP from the systemic circulation than has previously been reported in SCI. Plasma levels experimentally measured in our patients, when contrasted to estimates of 4-AP concentrations extrapolated from multiexponential (multicompartmental) kinetic models, decayed with a terminal elimination half-life (t 1/2 ) in excess of 16 h in contrast to a currently accepted literature estimate of approximately 3.6 h 20 and are thus more supportive of, and correlate better with, clinical observations of prolonged 4-AP eects following a single dose. 4 
Time course of eects
The time course of eects of 4-AP varied for the dierent indices of therapeutic bene®t. Sensory, analgesic and antispastic eects tended to appear 1 ± 2 h after the ®rst dose consistent with the peak serum levels. Other properties such as the improved bowel and bladder function only became evident at times when the bowel routines were implemented.
Discussion
4-Aminopyridine has a long history of clinical use; ®rst to antagonize neuromuscular blockade from various anaesthetics, 22 ± 24,66 then as a therapeutic agent to enhance neural or neuromuscular transmission in patients with Alzheimers disease, 25 botulinum toxicity, 26 myaesthenia gravis 27, 28 or Eaton-Lambert Syndrome 21, 29 and more recently as a means of overcoming central conduction de®cits due to demyelination in patients with multiple sclerosis. 30 ± 40 Its application in patients with spinal cord injury is even more recent and is still in the investigative stages as the drug's safety and ecacy have yet to be de®nitively established in the SCI population by randomized placebo-controlled, double-blind clinical trials. It is against this background that the present open label compassionate use trial of 4-AP was undertaken.
The clinical outcomes witnessed in the present 4 month trial are consistent with previously documented Figure 3 Motor evoked potentials (MEPs) recorded from the relaxed extensor digitorum muscle prior to and following 10 mg oral 4-Aminopyridine (4-AP) in a 40 year old male with C5-6 incomplete tetraplegia (Case #3). The amplitude of the MEP was markedly increased at both 2 h and 4 h after drug administration. The stimulation threshold (expressed as % maximum stimulator output) and MEP latency were reduced after receiving 4-AP. Numbers in parentheses indicate number of traces superimposed and contained in the ensemble average (bottom trace) transient neurological gains following single doses of 4-Aminopyridine. 1 ± 4 The objective documentation of changes in limb hypertonia ( Figure 2 ) and central motor conduction (Figures 1 and 3) following the initial dose of 4-AP adds further support to the accumulating clinical evidence of neurological bene®t. Similarly, the pharmacokinetic pro®le reported here (Figure 4) for the initial dose con®rms previous reports. 4 More importantly, the eects of multiple dosing revealed a cumulative therapeutic eect over the ®rst few days, followed by some sustained bene®t over four months, consistent with the demonstration of a longer terminal elimination half-life than previously described ( Table 2 ). The oscillation in measured plasma levels of 4-aminopyridine observed by us and others 4 can reasonably be attributed to enterosystemic recirculation, and 4-AP is thought to undergo little, if any, biotransformation. Hence, enterosystemic recirculation of 4-AP, perhaps exaggerated in humans with SCI, can be postulated as the cause of the longer elimination half-life that we observed and can be implicated as the putative mechanism mediating the prolonged elimination phase and subsequent cumulative or sustained clinical eects. 41 The functional bene®ts to the three patients were diverse. One of the patients (Case #1) returned to work in his carpentry shop. He had previously been restricted by spasticity and pain. A second patient (Case #2) reported better manual dexterity as a consequence of reduced upper limb spasticity enabling her to function more eectively in her assembly line employment. These outcomes, together with improved bowel and bladder function, reduced pain and improved motor function in gait and a nonspeci®c but consistently reported`renewed vigour', collectively added appreciably to the dignity and quality of life of these individuals.
How can a single pharmacological agent, with relatively simple molecular structure, introduce change in so many diverse symptoms and physiological subsystems? There are two principal means by which the K + channel blocking action of 4-AP may eect change. The ®rst is by overcoming central conduction de®cits due to demyelination; the second, by increasing Ca 2+ in¯ux at presynaptic sites to increase neurotransmitter release and enhance neural or neuromuscular transmission. 13, 22, 42 The latter property has been previously shown to be eective in a wide variety of neural subsystems and species. It may account for analgesia 43 unmasking ineective synapses, 44 increased discharge in sensory neurones 45, 46 and increased receptive ®elds in dorsal horn, gracile and cuneate neurones, 44, 47 enhanced presynaptic inhibition (primary aerent depolariza- Table 2 summarizes the putative physiological bases for the clinical outcomes observed in the present study.
In summary, the 4 month compassionate use trial of 10 mg b.i.d. oral 4-Aminopyridine (immediate release) in three SCI patients has con®rmed and extended previous reports of potential therapeutic bene®t of this compound in both animal models of SCI 53 ± 55 and man.
2 ± 4 Multidosing led to appreciable functional gains for these patients in diverse areas including manual dexerity, ambulation, transfers, bowel and bladder function, and was associated with a generalized sense of wellbeing. Side eects were negligible in this trial.
Previous reports of the long-term administration of oral 4-AP in Multiple Sclerosis patients have cautioned of the need for careful medical supervision during 4-AP therapy. Polman et al 35 reported two major side-eects of (a) tonic clonic epileptic seizures (n=2) and (b) presumed 4-AP induced hepatitis (n=1) in a group of 23 patients receiving oral 4-AP for 6 ± 32 months. This, and other reports of overdosing with 4-AP in healthy adults and MS patients in uncontrolled circumstance 56 ± 58 have prompted the suggestion that serum concentration control may be a useful therapeutic strategy. 31 Interpretation of the overall ecacy of oral 4-AP, as documented in the present compassionate use application, is obviously constrained by (a) the pre-selection of responsive patients and (b) the absence of any placebo control. Acknowledging those caveats, it is noteworthy that, prior to receiving 4-AP, the patients' neurological status had been well established as stable. All three patients were beyond the time frame since injury (42 years) when appreciable spontaneous functional improvement would be expected. Indeed, one patient had a 16 year`historical control'. De®nitive evidence of a generalized therapeutic bene®t of 4-AP in SCI clearly must await multicenter placebo-controlled clinical trials. Such studies are now underway. 
